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Abstract 

We show that it is possible to obtain spontaneous CP violation in the minimal 
SU{2) L x SU{2) R x U{V)b-Li i- e - i n a left right symmetric model containing a bidoublet 
and two triplets in the scalar sector. For this to be a natural scenario, the non-diagonal 
quartic couplings between the two scalar triplets and the bidoublet play a fundamental 
role. We analyze the corresponding Higgs spectrum, the suppression of FCNC's and the 
manifestation of the spontaneous CP phase in the electric dipole moment of the electron. 
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1 Introduction 



Understanding the origin of CP violation is one of the outstanding open questions in 
particle physics 0. Although one can incorporate CP violation in the three generation 
standard model through the CKM mechanism, there is no deep understanding on the 
origin of it. The indication that the amount of CP violation one has in the standard model 
through the CKM mechanism is probably not enough to generate the baryon asymmetry 
suggests to look for other sources of CP violation beyond the standard model |3|, 0J]. 

One of the most attractive extensions of the standard electroweak model uses SU (2)x,® 
SU(2)r ® U(1)b-l as a gauge group ||. This model is formulated so that parity is a 
spontaneously broken symmetry. In these theories the observed V-A structure of the weak 
interactions is only a low energy phenomenon which should disappear when one reaches 
the energies of order vr or higer, where vr is the vacuum expectation value (vev) for the 
right handed scalar. In such a picture, all interactions above these energies are supposed 
to be parity conserving. 

The enlargement of the gauge group and the increase in the number of Higgs scalars 
seems to be the necessary price to be paid in orden to bring parity violation on the same 
footing as other, continuous symmetries. Therefore, we are dealing with a theory which 
predicts the doubled number of charged gauge bosons (4 W L and W R against the 2 W ± 
of the standard model) and also the doubled number of massive neutral gauge bosons. 

Regarding the Higgs sector of the left right symmetric models, there are two distinct 
alternatives. All models contain a bidoublet field <fi, the masses of the Wl and Z derive 
primarily from the vev k\ and k 2 of the two neutral members of this doublet. Since 
experimental constraints from K^—Ks mixing force Wr to be very heavy an additional 
Higgs representation, with large vev (vr) for its neutral member is required that couples 
primarily to the Wr. To preserve the left right symmetry, there must be a corresponding 
Higgs representation coupling to the Wl, but the vev of its neutral member {v£) must be 
smaller in order to preserve the standard model relation between the Wl and Z masses. 
If the additional Higgs fields are members of doublets, then the above criteria can be 
met, but the theory then fails to incorporate a natural explanation of the smallness of 
neutrino masses |7]]. In contrast, if the extra neutral Higgs fields are members of triplets, 
all requirements are well satisfied. Because of that, we choose to investigate models 
containing extra triplet Higgs fields Al and Ar. The resulting Higgs sector has many 
exotic features, and our ability to experimentally probe these features is an important 
issue. 

In this paper we analize in detail one of the most interesting features of such a theory, 
namely, the possibility that spontaneous CP violation could occur with the described 
Higgs structure. Whether or not a significant number of the Higgs bosons of a left right 
symmetric model can be sufficiently light to be detectable is, in fact, a serious issue ||. 
We also comment on it. 

The work is organized as follows : we begin by reviewing the Higgs sector of the 
minimal left right symmetric model. The most general left right symmetric Higgs potential 
is also presented, while its minimization is carried out in section 3. We analize there its 
phase degrees of freedom and in section 4 we show that, for a Higgs potential without 
explicit CP violation, spontaneous CP violation does occur. For the model to be consistent 
with the observed phenomena we study the Higgs spectrum (section 5) and the FCNCs 
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constraints (section 6). To do this we write the Higgs bosons coupling in a manner 
such that the flavour diagonal and flavour changing couplings are explicitly displayed. In 
section 7 we present an example where this CP violation could be seen. Finally, we draw 
our conclusions. 



2 The Higgs Sector 

This is the main sector of our work. Here we analize in detail the symmetry breaking in 
left right symmetric models with special emphasis on the spontaneous violation of parity. 
The theory we have in mind is the minimal theory in terms of its Higgs sector, which 
manifestly preserves parity prior to symmetry breaking. 



2.1 The Higgs content 

The scalar fields of the minimal model are JlO| 

0(^,1*, 0) A L (1,0,2) A* (0,1, 2) (1) 

where the SU{2)l , SU{2) R and B — L quantum numbers are indicated in parentheses. 
A convenient representation of the fields is given by the 2x2 matrices 



(2) 



1 VI 

r <t>l 



« V2 

Following some previous conventions M, the neutral Higgs field 0° is written in terms of 
correctly normalized real and imaginary components as 

0° = ^ (fo + i4) (5) 
These fields transform according to the relation 

— u L <f>ui , — u L $ul 

A L — > U L A L UI , A[ — . U L A[UI 

A R — . UrArUI , A R — > C^A^i, (6) 

where Ul,r are the general SU(2) L and SU(2) R unitary transformations, and <fi = r 2 0*T 2 
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The gauge symmetry breaking proceeds in two stages. In the first stage, the electri- 
cally neutral component of A R , denoted by 5 R , acquires a vev vr, and breaks the gauge 
symmetry down to SU(2)l ® U(l)y where 

Y T B-L 

The parity symmetry breaks down at this stage. In the second stage, the vevs of the 
electrically neutral components of 0, [k\ and k 2 ) break the symmetry down to U(1)q. At 
the first stage, the charged right handed gauge bosons denoted by Wr and the neutral 
gauge boson called Z' acquire masses proportional to vr and become much heavier than 
the usual left handed W L and the Z bosons, which pick up masses proportional to k\ and 
k 2 only at the second stage. 

Experimental constraints force the relation that k\,k 2 <C Vr , as we will see later. 
Making two of them complex leads to an interesting model of CP violation. 



2.2 The Higgs potential 



Let now discuss the form of the scalar field potential p, [□], [12]]. For our theory to be left 
right symmetric, it is necessary that the lagrangian be invariant under the discrete left 
right symmetry defined by: 



A, 



A 



R 



si 



where ^ l,r are column vectors containing the left-handed and right-handed fermionic 
fields of the theory. Our theory is a left right symmetric one: the lagrangian should be 
invariant under the exchange of the fields (fix and (f) 2 : 



4>i < — ► 4>2 (9) 

Furthermore, the most general scalar field potential cannot have trilinear terms: be- 
cause of the nonzero B — L quantum numbers of the A^ and A^ triplets, these must 
always appear in the quadratic combinations A^A^, A^A#, A^A fi or A^A^. These 
combinations can never be combined with a single bidoublet in such a way as to form 
SU{2) L and SU(2) R singlets. Nor can three bidoublets be combined so as to yield a 
singlet. However, quartic combinations of the form Tr(A^0Aij0t) are in general allowed 
by the left right symmetry. Following these strict conditions, the most general form of 
the Higgs potential is 

V = V + V A + V 0A (10) 

where 



V, = -j*?Tr( 



A, 



Tr 



M2 

+ 



Tr 



f ) +Tr(0 f , 

2' 



+ A, 



A 4 {Tr(0V) [Tr(00 f ) + Tr(0V)] } 



+ A x 



Tr 



+ 



Tr 



)Tr( 



+ 



3 



-t4 



P2 
Ps 

Pa 



Tr(A L A{) + Tr(A R A R )\ + Pl | [Tr(A L A[] 

Tr(A L A L )Tr(A[A{) + Tr(A R A R )Tr(A R A R ) 
Tr(A L A[)Tr(A R A R )} + 
Tr(A L A L )Tr(A R A R ) 



Tr(AlA{)Tr(A R A R ) 



+ 



Tr(A R A R ) 



+ 



V 0A = at {Tr(0t0) [TriA L A[)+Tr(A R A R )]} + a 2 \Tr((ft (j))Tr(A R A R ) + 

Tr(4>^)Tr(A L A[) + Tr(<p^)Tr(A R A R ) + Tr($ <j))Tr (A L Ajj] + 

A [Tr^A^A^+Tr^A^A^)} + (3 2 [Tr(4>A R ^ A{) + 

Tr$ A L <PA R ) + Tr(<f>A R ftA{ ) + Tr(^A L 0A^)" 

where we have written out each term completely to display the full parity symmetry. Note 
that all terms in the potential are self conjugate as a consequence of the discrete left right 
symmetry, so that all the parameters have to be real in order to preserve hermiticity. In 
this way our potential is CP conserving. 

The neutral Higgs fields 5 R , Si, (j>\ and 0° can potentially acquire vevs, v R , Vl, ki and 
k 2 , respectively. Explicitly, we have 



(0) 



k2_ 

V2 ■ 









vl,r 
V2 








3 The symmetry breaking 

Let us now discuss the phases of the vevs that are acquired by the neutral components 
of A R , Al and (p. A priori, it is possible that one could allow for the possibility of 
phases in the left right transformation defined in Eq. (|8]), for example A^ < — > e llfL A R or 
<f) < — > e t{pct '(j) Jf . However, one may always absorb these phases by appropiate global phase 
rotations of the fields. We will assume that this has been done. 

Since we have employed our global phase degrees of freedom in eliminating phases from 
the left right transformation symmetry; our only remaining freedom in choosing vevs is 
that allowed by the underlying JJ L and U R transformations. Of these, only the T| and 
components are useful for the vevs of the neutral Higgs fields. Using 

Ml' A) < i2 > 

and the corresponding form for U R , one finds, 



h - 


— > he^-^ 


h 








vl - 




vr - 


— v R e-™* 



(13) 
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Clearly, we have the choice of two phases at will. We use them to fix 9 L and (9 L — 9 R ) so 
that vl and k 2 are real. 

We can now consider the minimization of the potential. There are six minimization 
conditions: 

dV dV dV dV dV <9V _ 

dRe{h) ~ dlm(ki) ~ dk 2 ~ dRe{v R ) ~ dIm{v R ) ~!h~ L ~ ^ ' 

This is due to the complex character of v R and k± ( v R — \vR\e td and k\ = \ki\e ta ) They 
are: 

<9V 

2k\k 2 \ 4 + k^Xi - 2k 2 p\ + a 2 k 2 (v 2 L + v R ) + k x \i cos(a){kl + kj) + 



dRe(k 1 ) 

Ak\k\\ 2 cos(o;) + 2k x k\\ z cos(a) — kip\ cos(a) + kfk 2 \ 4 cos(2o;) + 
-a\k\{y\ + v R ) cos(a;) + (3 2 kiVLV R cos(a — 9) H — j3ik 2 VLV R cos(9) 



dlm(ki) 



ki\i sin(o;)(A;^ + kl) — Ak\k\\ 2 sin(a) + 2/^/^3 sin(a) — k\p\ sin(a) + 

-ctiki(v 2 L + v 2 R ) sin(o;) + k\k 2 \^ sin(2a) — (3 2 kiViv R sin(a — 9) + 
2 

^Pik 2 v L v R sin(6>) 

-— = k 2 \i(k\ + kl) + 2k 2 k 2 X 3 - k 2 p\ + -a^^vl + v R ) sin(a) + 2k\k\\ A cos(o;) + 
ok 2 2 

k\(k\ + kl)\i cos(a) — 2k\p\ cos(o;) + a 2 k\(v 2 L + v 2 R ) cos(o;) + 
Ak\k 2 \ 2 cos(2a) + (3 2 k 2 VLV R cos(#) + \-(3ik\VLV R cos(o; — 9) 

^_ = [aiv L (kl + kl) - 2p\v L + 2p 1 v L (v 2 L + v 2 R ) + Aa 2 k x k 2 v L cos(a) + 
{5\k\k 2 v R cos(a — 9) + j3 2 v R cos(2a — 9){k\ + - 

Q Re ^ v j — \^2Vh{k\ + k\ cos(2a)) + i5\k x k 2 v L cos(o;) + 2a 2 k 1 k 2 v R cos(a; - 9) + 
a\v R cos(9)(k 2 + kl) + a^k 2 v R cos(#) — 2p\v R cos(#) + 
PzV 2 L v R cos(#) + 2piV R cos(#) + 2a 2 k\k 2 v R cos(o; + 0)} - 

— — ~, — r = I I3 2 vik\ sin(2a;) + a 3 klv R sm(9) — 2a 2 kik 2 v R sin(a — 9) H — 2p^v R sin(0) 
oIm{v R ) 

ct\V R si\i(9){k 2 + /c^) + Pikik 2 VL sin(o;) + p 3 v1v R sm(9) + 2piv R sin(0) + 
2a 2 k 1 k 2 v R sin(o; + 9)} i 
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In these equations and the ensuing discussion, vr refers to the magnitude \vr\ and similarly 
for k\. 

Some of these first derivative equations can be used to determine /if, /i 2 , and //§, the 
remaining first derivative equations impose strong constraints on the quartic couplings 
appearing in the Higgs potential, and on the relative phases of the vevs. In addition, at a 
true local minimum all the physical Higgs bosons must have positive square masses for a 
solution of (np. This implies that various combinations of the potential parameters must 
be positive. Of the twenty real degrees of freedom contained in this Higgs sector, six are 
absorbed in giving masses to the left and right handed gauge bosons W^, Wr Z and Z' . 



In previous works || [14], |15| three minimization conditions are used to determine the 
mass terms /if, //|, and /i§, while the other equations are used to find (or better saying 
to not find) the phase degrees of freedom such as to have CP violation. This procedure 
is well adapted to find the solutions in the absence of (3 quartic terms in V^a, Eq. fllCf ). 
This is the desired situation under the existence of a symmetry which avoids the presence 
of FCNC's. That analysis, which leads to the absence of spontaneous CP phases, is not 
the appropiate one to account for all the solutions when the non diagonal quartic terms 
are present. 

We are going to proceed in a different way. These six first derivative equations are 
going to be used to determine not only /if, and n\ but also other three parameters of 
our choice. In this way we are going to have a minimum for any choice of the CP violating 
phases, a and 9. These new relations must be satisfied in order to generate a minimum 
of the Higgs potential, but they can have the unnatural property of relating parameters 
across widely differing scales, what we usually call fine tuning. Only if this is not the 
case, our analysis would be valid. 



4 Vacuum expectation value scenarios 

In fact, it is worth emphasizing what has occurred in our analysis up to this point. We have 
required our Higgs potential to have a minimum which allows spontaneous CP violation; 
in order to have a phenomenologically accepted minimum we have to analize our potential 
parameters to avoid fine tuning. 

Analyzing it, we notice that we have two possible scenarios: (a) k\ = k 2 = k (b) 
fci ^ h- 

First scenario : k\ = k 2 = k 

In this case, from our six minimization equations, we can take four to obtain /if, /i|, /ig 
and pi. The remaining two equations are: 

2p 2 kvLVRsm(a) sin(a — 9) = 



k 2 vi\ sec(9) sin(a — 9) , „ „ ... 
K -L-± (Pi + 2(3 2 cos(oO) = 

So we again have at this point two possibilities, namely a = 9 or (3\ = f3 2 = 0. They yield 
for the a = 9 case 
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pi 



pi 



2k 2 (Ai - 2A 2 + A 3 + A 4 cos(a)) + y (u| + 4) + y^fl 



A; 2 (A 4 + 2A 2 cos(a)) + ^(u£ + 4) + ^v L v R 



nl = k 2 (aii + 2a 2 cos(a)) + 



2 y ' n ' ~ n/ ' 2 
k 2 (v 2 L + v 2 R ) ( P_ 



2v L v R 

Pik 2 + p 3 v L v R + 2/3 2 k 2 cos(a) 



2v L v R 



and for the p 1 — (5 2 — case 



(15) 



^3 



2A; 2 (Ai - 2A 2 + A 3 + A 4 cos(a)) + ^-(v 2 L + v 2 R ) 

Z 

A; 2 (A 4 + 2A 2 cos(a)) + ^(t; 2 +t; 2 ) 



2 

k 2 (ai + 2a 2 cos(a)) + ^-(v 2 L + v 2 R ) 

Z 



Pi = 7T 



P_3 

2 



(16) 



Second scenario : ki ^ k 2 

In this case we have 



^3 



Pi 



Ai(/c 2 + A; 2 ) H — «i(t>l + v 2 R ) + 2kik 2 \^ cos(o;) + f3iv L v R kik 2 csc(a) sin(a — 9) 



k 2 sin 



{k\ sin(2a 



k\ (2 sin(a — 6) + sin(a 



A; 2 )] 1 (A; 2 sin(3a - &)- 



pi = 2\ 3 kik 2 cos(a) + ^A 4 (A; 2 + A; 2 ) + ]ra 2 (v 2 L + v R ) + ^PiV L v R sec(a) (cos(a - 6>)+ 

Z Z t: 

1 v L v R.k 2 ( k 2 \ 

csc(a) sin(0) cos(2o;)) — ^ sec(o;) csc(o;) sin(a — 0) f cos(2a) + 



A; 2 (sm(a -9) + sin(3a + 0)) - k\ (3 sin(a - 0) + sin(a + 9)) 
\:ai(k\ + A; 2 ) + ^zPz(v 2 L + v R ) - 2a 2 kik 2 cos(a) + Pihk 2 (k 2 - k\) sin(a) 



2vlVr(v 2 r — f |) (/c 2 sin(0) — A; 2 sin(2o; — ( 
^2 = ^A 3 + f3iv lVr csc(a) sin(0) |(8/ciA; 2 ) _1 + fci A; 2 (sin(a — 9) + sin(3a + 0)) 



A; 2 (3 sin(a - 0) + sin(a + 0))] \(k\ sin(2a -9)-k\ sin(0)) (A: 2 - fc 



P3 Afcifc2 sin(g) (A: 2 - k\) 

2 2v L v R (kl sin(0) - k\ sin(2a - 0)) 

Pikik 2 sin(a — 9) 
(k 2 sin(0) - k\ sin(2a-0)) 



(17) 
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As the reader can see, all the parameters (except for the p 2 ) are of the same order, so that 
no special fine tuning is needed. Certainly, to demostrate that our different models are 
free of phenomenological disaster requires further analysis. The phenomenology of this 
class of models will be examined in the following; however, a complete analytical analysis 
of these models is far too complex to be exhausted in this work. We shall ilustrate only 
some aspects of this class of models here. We will turn our discussion toward the Higgs 
spectrum. 



5 The Higgs spectrum 

The complete form of the Higgs mass matrices for the general case are given in the 
Appendix. Let us now examine them to see if they are able to generate the proper masses 
for the physical particles, in the scenarios presented above. 

We first consider the scenario with both, k\ = k 2 = k and /3i = {3 2 — 0. It is enough to 
inspect the doubly charged Higgs mass matrix to discard this model on a phenomenological 
basis. In fact, we have in the {S R + , + } basis 



M 



( 2p 2 v 2 R 2p 4 v L v R cos(6)\ _ 

V 2p A v L v R cos(0) 2p 2 v 2 L 



with eigenvalues proportional to v R and vlVr which are phenomeno logically unacceptable. 
To escape from this bound is completely impossible, even with a severe fine tuning of the 
p parameters. 

But this cannot be surprising, because in this model, in which the /3-type Higgs po- 
tential terms are absent, the first derivative conditions become homogeneous |J, i.e. 

hfkX-) 



dRe(ki 



where fkX---) is a general quadratic function of the vevs, and ki represents any of the four 
vevs. Therefore, we can satisfy the first derivative conditions by setting either /*-(...) = 
or ki = . As was shown in previous works ||12| , the latter solution is the only one 
phenomenologically acceptable for two of the vevs (k 2 and Vl), in such a way that no 
phase degrees of freedom remain. In this case spontaneous CP violation cannot occur. 
Thus, we can conclude that the /3-type Higgs potential terms (the quartic ones) must be 
present in order to have the desired spontaneous CP violation. 

Following the order of increasing complexity, we will focus now on our second case, 
where k\ is still equal to k 2 but now a = 9 . Here the doubly charged Higgs mass matrix 
is specially easy to analize. Let us recall the reader first, that for left right symmetric 
models to be consistent with the observed phenomena, the symmetry breaking pattern 
that should arise is Vr ^> k%, k 2 ^> Vl ■ For this reason, we can safely neglect terms of 
order (vl/vr) . Additionally, we will assume that k 2 ~ VlVr. We make this assumption 
because this choice allows us to solve the model easily. If this was not the case, we can 
take the largest contributing term between them and the features of the model remain 
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the same. The schematic form of the mass matrix for the doubly charged Higgs sector in 
the {<5^ + > basis is 



M% + 



(p + P)v L v R cos(0) 



(p + P)v l vr cos(6 i ) 



(3v 



R 



(19) 



Here, we have introduced a shorthand notation where the parametres {p , (3} without 
subscripts stand for a generic parameter of their class, and we have indicated for each 
entry only the largest contributing terms. The exact entries are presented in the Appendix. 
(The same generic notation will be used for the other mass matrices that follow). The 
eigenstates will have masses of order v R , with mixing of order (vl/vr). 

For the singly charged Higgs sector, we will exhibit the result in the {(fif , 02~ , 5 R , 5% } 
basis 



f(\-(3)k 2 
[3k 2 


V Pkv R 



(3k 2 
(\-(3)k 2 


(3kv R 



(3kv R \ 

(3kv R 
(3k 2 

(5k 2 (3v% J 



(20) 



The mass scales of the various Higgs bosons are as expected. The singly charged Higgs 
mass matrix has the two required zero eigenvalues (which eventually become longitudi- 
nal components of W£ and W R ), and the other two masses will be set by k and v R , 
respectively. 

For the neutral sector, we will work with an 8 x 8 square matrix since, because of our 
CP violating phases, the real and imaginary components of the neutral Higgs scalars cou- 
ple to each other in the mass matrix (one cannot avoid this and still achieve spontaneous 
CP violation). This huge mass matrix in the {0^ , (ftl , 5 R , 5^ , (p\ , 0?> , S R , 5 l L } basis has 
the following form 



where 



vv 



Mf = 



( {X-(3)k 2 (\-(3)k 2 

(X-(3)k 2 (\~(3)k 2 

akv R cos(#) akv R cos(#) 

(3kv R cos{6) (3kv R 



Mf } 



(21) 



akv R cos(9) (3kv R cos(6) \ 

akv R cos(#) (3kv R 

(3v 2 R {(3 + p)k 2 cos(#) 

([3 + p)k 2 cos(9) (3v 2 R cos{6) J 



Mf } 



( (\-f3)k 2 
-{\-(3)k 2 
akv R sm(6) 2 

V Pkv R 



-(\-/3)k 2 
{\-(3)k 2 
akv R sin(8) 2 
(3kv R 



akv R sm(9) 2 
akv R sm(9) 2 
Pv 2 R 
[3k 2 cos(6) 



(3kv R 
[3kv R 
(3k 2 cos(9) 



J 



( (\ + (3)k 2 
(\ + [3)k 2 

akvR cos(9) 

V Pkv R 



-{\ + (3)k 2 
-(\ + (3)k 2 
akv R cos{6) 
[3kv R 



akv R 
akv R 

PV 2 R 

(f3 + p)k 2 



(3kv R \ 
(3kv R 
(3k 2 
J 
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One can observe that (keeping only the leading terms), as required in order to give Z 
and Z' mass, there are two zero mass Goldstone boson eigenstates. Four of the remaining 
ones have mass of order vr and the last two of order k. Thus, if Vr is very large, all the 
non-standard-model Higgs bosons in the neutral Higgs sector will be heavy except for one. 
As such, it could happen that the only signature of an underlying left right symmetric 
theory that will be accesible at present and foreseable machines, will be these light Higgs 
( one charged and one neutral) in addition to one of the neutral Higgs bosons that plays 
the role of the standard model Higgs boson in the left right model. 

Last but not least, our k\ ^ k 2 case. This case amounts to a complicated version of 
the previous one, but with similar results. (Exact mass matrices could be found in the 
Appendix). 

Thus, we have arrived at two models which potentially yield a reasonable phenomenol- 
ogy, for a relatively constrained set of Higgs boson couplings and vevs. We find this result 
to be particularly interesting, given the relatively large number of free parameters in the 
models to adjust the remaining phenomenology fll6f . 



6 The FCNCs 

We are going to analyze now, the requirements that must be fullfilled in order to sup- 
press the FCNC. For this purpose we have to analyze the quarks-Higgs boson couplings. 
The most general Yukawa interaction invariant separately under SU(2)i and SU(2)r 
transformations is || 12, [TV | 



C y = & L (M + gyf) + h.c. (22) 
where \I/ = ( ^ ). These states are weak eigenstates. / and g are the Yukawa coupling 



d, . 

matrices, and the i, j indices are family indices. Due to the left right symmetry require- 
ment on the lagrangian , we require that / = f* and g = g* . We can rotate the weak 
eigenstates into mass eigenstates with unitary matrices V in this way 

i = v> a 

d a = V d a d a 

where u and d are vectors representing the up and down type quarks and the index 
a = L,R. 

In terms of these matrices, the usual Cabibbo-Kobayashi-Maskawa matrix (CKM) in 
the left and right sectors is given by 

-yCKM _ 

a a a 

We want now to build the quark mass matrices, so that we have to worry only about the 
(u and d) diagonal terms. Taking the vevs of the <fi fields, we can determine the u and d 
type quark mass matrices 

^fiyf (fkx + gk* 2 ) V R u R = u L M u u R 
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^d L Vf (fk 2 + gk\) V d R d R = d L M d d R 



(23) 



where M" and M d represent the diagonal matrix of physical quark masses . For | k\ | 2 ^| 
k 2 | 2 and k\ =| k\ | 2 ± | k 2 | 2 we can invert these equations, to solve / and g in terms of 
the physical masses of the up and down quarks and the diagonalizing matrices 



/ = ^ (k*{V u L M u V u J - A£V£M d V$ 



V2 



g = ZZ. l-k 2 V u L M u V R j + hVlM^ 



(24) 



We can now write the general interaction term for the quark mass eigenstates with the 
neutral 0-type Higgs fields 



ul 



kl 
V2 



k 2 



d. 



M d (k 1( pT - k*^) + v c L KM] yi u v c R KM (-k^T + k\<p° 2 



d R 



(25) 



To identify the flavour changing and flavour conserving combinations, we define the new 
reciprocally orthogonal neutral fields 



00 = JL (£^o + k2(j) o j 
where the inverse transformations are 



(26) 



. o* 



(27) 



In terms of these new fields, the coupling to the quarks are 



2 U L 



V2_ 

k: 

A* 



-2k\h 



2 M rf + LV? KMt MW M 



Mr 



:28i 



It is easy to see that these couplings are not diagonal since the CKM matrices are not 
diagonal. This non-diagonality always yields powerful constraints. It is obvious from 
Eq. (p8|) that only the two components of the complex field 0°_ can have flavour diagonal 
coupling. Thus, the real component of the 4>°_ must be the analogue to the standard model 
Higgs boson, and the imaginary component must correspond to the massless Goldstone 
field absorbed by the Z. So both of them are flavour conserving. In order that the flavour 
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changing couplings of the <p° + in not to enter in conflict with experiment we can follow 
two approaches : i) the mass eigenstates containing significant mixtures of <p Q + can have 
a large mass, the exact requirements will be presented in an example below, ii) Similarly 



to Ref. |18[ one can invoke the assumption of global U(l) family symmetries with saying 



that the off diagonal elements of / and g, and consequently those of have small 
values; sufficient for a natural suppression of family changing currents. 



6.1 A "flavour diagonal" basis 



As it was stated before, for the FCNC analysis, we find it useful to rotate the neutral 
fields into what we call the "flavour diagonal" basis. That is, we go from the original 

{<p r i , 02 » 5 R ) 5 l , 01 , 02 ) $R ) 8 l) basis to the {0- , 0+ ) 8 R , $L , 0- ) 0+ , , 5 l) basis 

with a flavour diagonal 0_ . Recall that in our model, using Eq. (|26|) the "flavour diagonal" 
fields are 



—^201 + k\ cos(a)02 + k\ sin(a) 



+ i(-k 



ki cos(a)02 + k\ sin(a) 



1 



k\ cos(a)^ + k\ sin(a)<f)\ + k2<p r ^j + i [k\ cos(a)</4 — k\ sin(a)0^ — k 2 <f) 2 



I7< 29 > 



We define the rotation matrix R as 



/ 


-h 


h 


cos(a) 













ki sin(a;) 





\ 




k\ cos(a) 




k 2 








kt 


sin(a) 





















k + 
































k + 





















h 


sin(a;) 










-h 


— ki cos(a) 










— hi sin(a) 













h 


cos(a) 


-h 
































k + 





V 



























k+J 



(30) 



which will accomplish our change of basis. 

We can now examine the components of the mass matrix in this "flavour diagonal" 
basis, although its complete analytical study is far too complex to be considered. We 
shall ilustrate the viability of this class of models by examining a toy model in which 
A3 = A4 = and a = 9 = ~. We make this choice, which allows us to solve the model 
exactly, because the cancelation of these parameters (A 3 and A 4 ) can be justified by the 
imposition of a discrete symmetry in the Higgs potential p. 

To analyze the mass matrix, let us assume for simplicity that the differences amongst 
the vevs of the bidoublet are smaller than their common scale, k, namely | kf — kj \ 

I {kf + k 2 ^j 1. This together with the above mentioned conditions and neglecting 
terms of relative order vl/vr, has the effect of decoupling the 8x8 neutral Higgs mass 
matrix in three separated pieces. 

The first is a 1 x 1 matrix containing only the (j) r _, the second one is a 4 x 4 matrix which 
couples the 4> r + , , 4> % _ and A l L fields and the last one, which couples the remaining fields 

'a 13k 



i.e. 



and A^. Thus cjfi is an unmixed mass eigenstate with mass m 



i 

2 



where fc> is the biggest of k\ and k 2 . 
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The second set of eigenstates is that arising from diagonalizing the 4x4 submatrix 
which couples the (p r + , A^ , 4> l _ and A l L fields, which yields 

hi = -e<p r + - eA r R + <jj_ 

hi = </T + - 2eA r R + e0i - Al 

h° 3 = -A r R + Al 

K = e<j>' + + A^ + A\ (31) 

where e = fc>/f«. The masses of these four states are given to first order in e by 

m 2 h o « 
m 2 h o ~ kvR 

m^o » ^ (32) 



In the last set , we have 



h% = A 



r 



5 — L 



ki +eA) 



"-6 - r+-r 

h° 7 = -e4>% + A^j (33) 



with masses 



m 2 h o w 4 
m^o w 

m^o « v% (34) 

From this, we can see that the real part of is the standard model Higgs boson with 
diagonal couplings to quarks (see Eq. (f28|)) , while its imaginary part is (approximately) 
the massless Goldstone mode which will be eaten by the Z. As desired, the mass eigenstate 
hi containing a significant mixture of <fi° + (real) has large mass, while its imaginary part, 
seen in h$, will be eaten by the Z'. 

What this model ilustrates is that, despite the great danger to lose the possibility of 
decoupling the mass scale of the FCNC Higgs bosons from the mass scale of the standard 
model one, there is at least some instances where this can be done and still have sponta- 
neous CP violation. A detailed numerical analysis of the general case, shows that it is in 
fact possible to decouple the mass scales without further restrictions on the model. 



7 CP violation in the leptonic sector : an example 

As we have shown up to now, it is possible to have spontaneous CP violation in left 
right symmentric models. The question is now: where can we see it ?. In the quark 
sector, the charged current involves a unitary mixing matrix. The elements of this matrix 
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are complex, and this fact gives rise to CKM CP violation in the standard model. The 
possibility of spontaneous CP phases induces physics beyond the standard model. 

In models with massive neutrinos, we have mixing matrix in the leptonic sector as 
well. Complex numbers in this matrix would imply CP violation in the leptonic sector. 
It is well known that if CP is conserved, an elementary fermion cannot have an electric 
dipole moment. Now, we want to examine the electric dipole moment of charged leptons 
introduced by CP violation in the leptonic sector induced by complex vevs. 

In left right symmetric theories, the charged current interaction of the lepton is given 

by 

^JJ = "4 E (W^faLl^aL + W^ aRl ,N aR ) + h.C. (35) 

We can always choose a representation in which the mass matrix of the charged leptons 
l a is diagonal. The gauge bosons mass matrix will be given by 

/ 4 ( 2v l + k l + k D -g 2 hk 2 e ia 
[ -g 2 hk 2 e- ia ^ ( 2v2 R + k l + k D 
and in that basis the neutrino mass matrix by 



(36) 



(37) 

In Eq. (j37D //„, [i D and [i N are 3x3 matrices and they are given by 

fiu = fVL 

fin = hk\e ia + hk,2 
= fv R e t6 

where f,h and h are the corresponding Yukawa couplings matrices. 

As the reader can see, the mass parameters in Eq. ( pB]) as well as in Eq. fl3T|) are 
complex. However, by an appropiate choice of the phases of the various fields, some of 
them can be chosen to be real. For example, note that the charged current interaction 
in Eq. (|35|) is invariant under the phase redefinitions W R — > e ia W R , iV^ — > e~ ia N R . 
Using this freedom, we can arrange fl3"E| ) to be real, while the phase a, will appear in 
Hd and /i^ in Eq. (p7|). Thus, by this phase convention, the CP violating effects arise 
through the neutrino mass matrix. 

The neutrino mass matrix, though complex, is symmetric, so it can be diagonalized 
by using a 6 x 6 unitary matrix V which gives 



L 



where x is a column matrix of mass eigenstates. Equivalently, this equation can be written 

as 

6 

VaL ^ ] PaiXiL 
i=l 
6 



N a L = E QaiXiL (3* 



i=l 
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where P and Q are 3x6 matrices, and are both complex. We can also diagonalize the 
gauge bosons mass matrix. This leads to 



(W L 
\Wr 



u 



w 1 

Wo 



(39) 



where W\ and Wi are the mass eigenstates. With these notations, we can rewrite Eq. 



(|35|) in terms of physical fields 



C 



JJ 



9 

"TkEEE^ {U L jPailaLl^XiL + U RiQ ad aRl ^Xir) + h. 
V * a=l i=l j=l 



C. 



(40) 



The one loop graph involving weak gauge bosons that contribute to the electric dipole 
moment is shown if Fig 1. However, if we choose to calculate the form factor in a general 
£ gauge, extra diagrams appear where one or both of the Wi lines are replaced by the 
unphysical gauge bosons wich are absorbed by the longitudinal component of Wi in the 
unitary gauge. A straightforward calculation gives 



eg 2 rrii 
'QA7T 2 Mf 



U Lj U Rj lm (P ai Qai) 



r\- - llr-jj + 4 6r? In r {j 



[r 



1 



Ti 3 - I) 3 



where 



(41) 



m = m 2 jMj 

The result for d a can be found by summing over the indices i of the heavy neutrinos and 
j of the W bosons. 

At this piont, a few comments are in order. First, if the neutrino mass matrix in Eq. 
( [TFD was real, the diagonalizing matrices P and Q can be chosen to be real, so that we 
would have no electric dipole moment. Second, for d a to be nonzero , we need UljUrj 7^ 
that is, we need the Wl — Wr mixing in the mass matrix. Otherwise the mass eigenstates 
Wi and W 2 become the same as the gauge eigenstates, and the diagrams with Wl (Wr) 
running in the loop do not produce any CP violation at the one loop level. Third, if all 
the neutrino masses are small compared to Mj, the expression in square brackets in Eq. 
(P|) becomes a constant, viz. ,4. On the other hand, if all the neutrino masses are big 
compared to Mj, the expression in square brackets in Eq. ( f4T|) becomes a constant again, 
viz. 1. 

Following the diagonalization procedure the reader can see that in any case we have 



d n oc sin (a) 



(42) 



as J2i m iPaiQai = {^D)aa- This is illustrated in Figure lb. 

Let us now see what magnitude we can expect for the electric dipole moment of the 
electron. If M2 3> Mi, the dominant term in Eq. (O) is the term with j = 1 . Using 



9 
8M1 



V2 
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then, 



771 ■ 

d e = 10- 24 e-cm sin(2C) £ ^^Im(P ei Q ei )S (43) 



where S is the expression in square brakets in Eq. (|4T| ) and ( is the W mixing. 
Two limits on S are interesting: 

i) rrii -C Mi, then 5 ~ 4 - 3r a 

ii) mi > Mi, then 5 ~ 1 + 

In the second case, it appears that d e does not vanish even if we take the right handed 
scale v r to infinity. However, this is not the case , decoupling is recovered because ( is 
proportional to l/v R . Taking the limit ( < .001 [19j d e becomes 

4 < 2 (44) 



nearly close to the experimental bound |2tJ | d e |< 10~ 26 e-cm. 

It is interesting to see that the value of d e is essentially determined by £, the Wl — Wr 
mixing parameter and by (/iD) ee ; although we have found two CP violating phases, only a 
appears in this process. The reader may then wonder if the same phenomenology could be 
achieved by eliminating the triplet phase (or even the triplet), i.e. still have spontaneous 
CP violation with only one complex vev, but this is not the case. As can be seen from the 
first derivative equations of section 3, if one sets 9 = 0, the only viable solution is a = 0. 
That is, to get spontaneous CP violation in our case, two of the vevs must be complex; 
although only one is visible in our example. 



8 Conclusions 

In this paper we have presented a detailed analysis of the spontaneous symmetry breaking 
and Higgs sector of the conventional SU{2) L ® SU{2) R <g> U(1)b~l left right symmetric 
model, containing one bidoublet Higgs field, one left handed triplet field and one right 
handed triplet field. Specifically, we have performed a critical assessment of the phe- 
nomenological viability of having spontaneous CP violation. 

We have shown that it is possible to obtain a minimum of the Higgs potential which 
yields that spontaneous CP violation; this task is further complicated by relations among 
the parameters which may have the (unnatural) property of relating parameters across 
widely differing scales. 

There are many attractive aspects to a left right symmetric gauge theory including 
(i) a mechanism for neutrino mass generation, (ii) the identification of the U(l) quantum 
number with (B — L), and (iii) a collection of potentially observable Higgs and gauge 
bosons including doubly charged Higgs bosons. 

We have analyzed in this class of models the phase degrees of freedom and we have 
found that, for a Higgs potential without explicit CP violation, spontaneous CP violation 
might occur, that is, the vacuum expectation values of the Higgs fields can be chosen to 
be complex. For this to happen, the /3-type Higgs potential terms, which quartically mix 
all the Higgs fields, should be present. 
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The increasing of physical Higgs fields in the left right theory introduces new features, 
in particular we have now FCNC. This feature can be analized by examining the quarks- 
Higgs bosons Yukawa terms in the lagrangian. Such analysis has shown that additional 
constraints have to be imposed on the theory (which are not present in the standard model 
) but they do not spoil it. The flavour changing neutral Higgs bosons in the left right 
models of this type, can be made heavy in order to avoid the significant contribution 
to FCNC at tree level they could give rise to. Besides that, we have shown that the 
spontaneous CP violating phase of the left right symmetric theory can manifest itself in 
the electric dipole moment of an elementary fermion. 

Certainly, there are many exciting features and potential signatures for this kind of left 
right symmetric models which violate CP spontaneously. We hope that our presentation 
would have proved sufficiently transparent to allow the reader to judge himself the degree 
of skepticism that is appropiate when considering the phenomenology of these theories 
with extended (and complicated) Higgs sectors. 
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A General Higgs mass matrices 



In this appendix we give a variety of useful results for the mass-squared matrices of the 
various Higgs sectors. We will present here the result before the first derivative constraints 
have been substituted, so that the expresions will be useful for the different scenarios 

A.l Components of the neutral Higgs mass matrix 

We first compute the components of the neutral Higgs mass matrix in the 

{0i , (f) r 2 , 5 r R , 5 r L , 4>\ , 02 i $h > $l} basis. The mass matrices are symmetric matrices 
which we require to have positive eigenvalues. 

= -ill + Xikl (2 cos(ct) 2 + l) + 4\ 2 k2 2 + 2\ 3 k2 2 + 6X^2 cos(a) + 

\^ol\{v\ + v\) + (3 2 v L v R cos(6>) + \ik 2 2 
M% e = -2/i 2 + kik 2 cos(a) (Ai + 4A 2 + 2A 3 ) + 3A 4 A;2 2 + A 4 /c 2 (l + 2 cos(a) 2 ) 

ot 2 {v\ + v R ) + ^(3iv L v R cos(6>) 

M% 3 = a\kiv R cos(q;) cos(#) + 2a 2 k 2 v R cos(#) + \vl (Pik 2 + 2kij3 2 cos(o;)) 

■^toA = v l (aih + 2a 2 k 2 ) + ^v R cos(#) {fiik 2 + 2(3 2 ki cos(a)) 
M% v = P 2 v L v R sin(#) + A1A; 2 sin(2a) + 2\±k x k 2 sin(a) 

M.% / = —-PiVlVr sin(#) + \ A k\ sin(2a) — 8\ 2 kik 2 sin(a) 

M% t = (3 2 viki sin(a) + a\VRk\ sin(#) cos(a) + 2a 2 VRk 2 sin(^) 

-M^>v = —fovRki cos(#) sin(a;) + (3 2 v R ki cos(a) sin(#) + -/3iV R k 2 sin(#) 

M% = -n\ + Ai (3A; 2 + kfj + 4\ 2 k 2 (cos(a) 2 - sin(a) 2 ) + 2A 3 A; 2 + QX^h cos(a) 

^ai(t>l + v 2 R ) + (3 3 vlVr cos(6 i ) 
M% = \v L {fi\k\ cos(a) + 2fi 2 k 2 ) + v R cos(9) (aik 2 + 2a 2 k x cos(a)) 

Zi 

-M| A = v L (aik 2 + 2a 2 h cos(a)) + v R cos(9) cos(a) + 2/3 2 k 2 ) + 
-PiVRfa sin(6») sin(a) 

M% v = ^(3iv L v R sin(6>) + 2A 4 £; 2 sin(a) cos(6>) + 2k ± k 2 sin(a) (A x + 4A 2 + 2A 3 ) 
M% = ~P 2 VlVr sin(#) — 8\ 2 k 2 sin(o;) cos(o;) — 2\ A k\k 2 sin(a) 
M% = -ftiViki sin(o;) + 2a 2 VRk\ sin(#) cos(o;) + a\k 2 VR sin(#) 

M% = ^PiVRh sm(9 - a) + f3 2 k 2 v R sin(0) 

= Pi v r (l + 2 cos(6>) 2 ) + \^pzv\ - /i 2 + 2a 2 hk 2 cos(a) + \^a x {k\ + k 2 2 ) 
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M% A = p 3 v L v R cos{9) + ^fchh cos(a) + ^ 2 k\ (cos(#) 2 - sin(#) 2 ) + ^(3 2 k 2 2 
-M§ v = —faviki sin(a) + aiV R k x cos(#) sin (a) 
M% i = -ftiViki sin(a) — 2a 2 v R ki cos(6>) sin(ai) 

Z 

M% = 2 Pl v 2 R sm(9) cos(9) 
M%, = —Pik^sinia) 

M% A = -p\ + 3p!V 2 L + t;P3V 2 r + 2 a i(^i + k l) + cos(a) 
M Av = (3 2 v R ki sin(# - a) + a x v L k x sm(a) + \-(3\k 2 v R sin(0) 

Z 

M%/ = — 2a 2 t> i /c 1 sin (a) — -0iV R ki sin(# — a) — (3 3 k 2 v R sin(0) 

Z 

M% = (3 2 k\ sin(a) cos(o;) + ^f3ikik 2 sin(a) — [3 2 k 2 v R sin(0) 
M%4 =0 

A^| v = -/i 2 + AiA; 2 (2 sin(a) 2 + l) + k\ (A x + 2A 3 - 4A 4 ) + 2A 4 A;iA; 2 cos(a) + 

^ai(v 2 L + v R ) - p 2 v L v R cos(9) 
M% f = 2p\ - 8\ 2 k 2 k 2 cos(a) - A 4 (k\ (l + 2 sin(a) 2 ) + kfj - a 2 {v 2 L + v%) + 

^/3iv L v R cos(6>) 

M^ t = a,ikiv R sin(a) sin(6>) + ^ L (/3i/c 2 + 2hi(3 2 cos(a)) 

z 

M v , = -^Pik 2 v R cos(6>) - /3 2 Mi? cos(0 - a) 

/ = -pi + Ai (/c 2 + A; 2 ) - 4A 2 A; 2 (cos(a) 2 - sin(a) 2 ) + 2A 3 A; 2 + 2A 4 /ci£; 2 cos(a) 
i«i(t; 2 + u|) - /3 3 v L v R cos(9) 
Mf/ = — Vl (Piki cos(a) + 2j3 2 k 2 ) — 2a 2 k 1 v R sin(0) sin(a:) 
M§ = -fahvR cos(0 -a)+ /3 3 k 2 v R cos(6>) 

Mf = piv 2 R (l + 2 sin(#) 2 ) + -p 3 v\ - p 2 3 + 2a 2 A; 1 A; 2 cos(a) + -ai(/c 2 + k 2 2 ) 
Ml = \pihk 2 cos(a) + h 2 k\ (cos(#) 2 - sin(fl) 2 ) + U 2 k 2 2 



= - / u 2 + piw| + ip 3 4 + ^ai(A;i + A; 2 ) + 2a 2 A;iA; 2 cos(a) (A.l) 
A. 2 Singly charged Higgs mass matrix 

In a manner similar to the previous section, we compute the components of the singly 
charged Higgs mass matrix, in the {(fif , <p 2 , S R , 5~£ } basis 
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= ~l4 + H k l + k 2 2 ) + 2\ A k x k 2 cos(a) + -a x {v\ + v 2 R ) 

M+% = -a 2 (v 2 L + v 2 R ) + 2^1 - \ A (k\ + k\) - 2k x k 2 cos(#) (A 3 + 2A 2 ) 

1 „ . \ 1 



v/2 



V2 



A4+| = - (p 2 v L ki cos(a) + -/3iv L k 

M t^A = (^PiVRh cos(# -a) + (3 2 v R k 2 cos(d)^j 

M%1 = \ a i( v l + v r) + M k l + k l) + 2Khk 2 cos(a) 
M%1 = {^PiVLh cos(a) + (3 3 v L k 2 ^j 

M%% = - (fovRh cos(6> - a) + ^Piv R k 2 cos(6>)^) 



V2 



I i 

Mil = -t4 + 2 ai ^i + k l) + 2a 2 k ih cos(a) + pi^ + -p$v L 

MH = -Pi(h{ + k 2 2 ) + /? 2 fcifc 2 cos(a) 

A^aa = — A*| + 2 a i( fc i + fc 2) + 2a 2 /ciA: 2 cos(a) + p^f + -p 3 ^ (A.2) 
A. 3 Doubly charged Higgs mass matrix 

We now present the doubly charged Higgs mass matrix components in the {S R + , S£ + } 
basis . 



M££ = -n\ + ^(kl + k 2 2 ) + 2a 2 k t k 2 cos(a) + Pl v 2 R + 2p 2 v\ + l -p 3 v\ 
-M++ e = 2p A v L v R cos(9) + ]- ((3ihk 2 cos(a) + /3 2 £; 2 (cos(a) 2 - sin(a) 2 ) + (3 2 k^\ 
MH e = -nl + ^(/c 2 + k 2 2 ) + 2a 2 k t k 2 cos(a) + p^| + 2p 2 w| + ^p 3 v 2 R (A.3) 
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Figure captions: 

Figure 1: (a) diagrams in the mass eigenstate basis for the calculation of d e ; (b) same 
diagrams in terms of the gauge eigenstates, showing the different mass insertions. 
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